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INTRODUCTION
Malaria presents a diagnostic challenge to laboratories in most countries. This paper attempts to review the current methodology and approach to the diagnosis of malaria in a practical and helpful way for the laboratory and for the physician caring for the patient. The urgency and importance of obtaining results quickly from the examination of blood samples from patients with suspected acute malaria render some of the more sensitive methods for malaria diagnosis impractical for routine laboratory use. For the purposes of this review, laboratory methods that require more than 1 h to provide a clear diagnosis of malaria are not considered rapid tests, although they may be considered reference procedures.
Endemic malaria, population movements, and foreign travel all contribute to the malaria diagnostic problems faced by the laboratory that may not have appropriate microscopy expertise available. Changing patterns of accepted morphological appearances of malaria species, possibly due to drug pressure, strain variation, or approaches to blood collection, have created diagnostic problems that cannot easily be resolved merely by reference to an atlas of parasitology. Fortunately, new technology provides additional diagnostic options, which can be reviewed and compared to more traditional methods. Concurrently the World Health Organization (WHO) has begun a dialogue with scientists, clinicians, and manufacturers of malaria diagnostic test devices regarding the realistic possibilities for developing accurate, sensitive, and cost-effective rapid diagnostic tests for malaria. Stipulations for these rapid tests include the capability to detect 100 parasites/l from all Plasmodium spp. and the ability to perform semiquantitative measurements for monitoring drug treatment results. Also, these new technologies must be compared against accepted "gold standard" methods.
The majority of malaria cases are found in countries where cost-effectiveness is an important factor and ease of diagnostic test performance and training of personnel are also major considerations. Most new technology for malaria diagnosis incorporates immunochromatographic capture procedures, with conjugated monoclonal antibodies providing the indicator of infection. Preferred targeted antigens are those which are abundant in all asexual and sexual stages of the parasite; cur-rently interest is focused on the detection of histidine-rich protein 2 (HRP-2) from Plasmodium falciparum and parasitespecific lactate dehydrogenase (pLDH) or Plasmodium aldolase from the parasite glycolytic pathway found in all species. Clinical studies provide effective comparisons between different test formats, as well as clarification on the feasibility and clinical relevance of using nonmicroscopic methods.
ROUTINE LABORATORY DIAGNOSIS

Stained Blood Films
The accepted laboratory practice for the diagnosis of malaria is the preparation and microscopic examination of blood films stained with Giemsa, Wright's, or Field's stain (69) . Blood obtained by pricking a finger or earlobe is the ideal sample because the density of developed trophozoites or schizonts is greater in blood from this capillary-rich area (17) . Blood obtained by venipuncture collected in heparin or Sequestrine (EDTA) anticoagulant-coated tubes is acceptable if used shortly after being drawn to prevent alteration in the morphology of white blood cells (WBC) and malaria parasites. Both thick and thin blood films should be prepared.
Thick blood film. The thick blood film concentrates the layers of red blood cells (RBC) on a small surface by a factor of 20 to 30 and is stained as an unfixed preparation using Field's stain or diluted Wright's or Giemsa stain. The thick blood film provides enhanced sensitivity of the blood film technique and is much better than the thin film for detection of low levels of parasitemia and reappearance of circulating parasites during infection recrudescence or relapse. The lysis of the RBC during the staining process can make the process of scanning for parasites more difficult until experience is gained in finding the parasites among the WBC and platelets.
Thin blood film. The thin blood film is methanol fixed and stained with diluted Giemsa or Wright's stain using buffered water at pH 7.2 to emphasize the parasite inclusions in the RBC. Because of the fixed monolayer of RBC available in this procedure, the morphological identification of the parasite to the species level is much easier and provides greater specificity than the thick-film examination. The thin blood film is often preferred for routine estimation of the parasitemia because the organisms are easier to see and count. The ability to count parasites in sequential blood films enables the response to therapy to be monitored, particularly for P. falciparum infections.
Sensitivity of thick blood film. The expected sensitivity that can be achieved by an experienced microscopist for the examination of the thick blood film procedure is about 50 parasites/l of blood (assuming a total RBC count of 5 ϫ 10 6 /l of blood), which is equivalent to 0.001% of RBC infected. Milne et al. (48) found that most routine diagnostic laboratories generally achieved a lower sensitivity of detection (average, 0.01% RBC infected, 500 parasites/l) in an examination of results from British laboratories submitted to the Malaria Reference Laboratory.
The blood film technique has undergone very little improvement since its development in the early 1900s. Although more stable stains are now available, the staining process may take up to 60 min of preparation time to produce a stained thin or thick film and is labor-intensive.
Interpretation requires considerable expertise, particularly at low levels of parasitemia (69) . In addition, patients with P. falciparum malaria may have parasites sequestered in the deep capillaries (spleen, liver, bone marrow), and organisms may not be seen in equivalent numbers in circulating peripheral blood drawn by venipuncture or fingerstick. Thus, a P. falciparum infection may easily be missed because there are insufficient numbers of parasites for detection in the blood films. Posttreatment examination of blood films can result in the observation of a number of circulating parasites; however, the organisms may be dead and have not yet been cleared by the host, thus prolonging the assumed positivity of the patient and extending treatment (65) .
Estimation of Parasitemia by Using Blood Films
One of the most important aspects of reporting malaria infections from laboratory diagnostic methods is the information gained from estimating the level of parasitemia present in a blood film. A morphological assessment of the parasites is also critical to accurate interpretation, particularly noting development stages and the presence of hemozoin pigment-containing asexual parasites when reporting P. falciparum infections. This information may indicate the possibility of a more severe clinical situation, particularly cerebral involvement, owing to the release into the peripheral blood circulation of developing schizont stages of the parasites sequestered in the capillaries. Under these circumstances, modification of the method of drug administration from the oral route to the intravenous route may need to be considered.
Several methods for estimation of parasitemia have been described (WHO Basic Malaria Microscopy Training Manual, WHO, Geneva, Switzerland) using either the thin or thick blood film. It is important that every positive blood film be assessed and the parasitemia reported in exactly the same way on posttreatment specimens as on the initial patient specimen.
Examination of thick blood films. A recognized way of estimating the number of parasites present in 1 l of blood is to use a standard value for the WBC count (8,000 WBC/l). Counting the number of parasites present until 200 WBC have been seen and then multiplying the parasites counted by 40 will give the parasite count per microliter of blood. If an accurate WBC count is known, this can be used to give a more accurate figure with appropriate adjustment of the multiplication factor.
The most accurate counts are obtained by counting the total parasites seen in a measured volume of blood. The blood volume should not be less than 2 l and is spread over an area of 1 cm 2 . However, this method is time-consuming, and a count of parasites against 200 WBC in a thick film, if an accurate total white count is known, gives satisfactory accuracy for most clinical purposes.
The major disadvantage of the thick blood film is the lysis of the RBCs during the staining process, making the slide more difficult to read with the absence of RBC features and irregularities in the thickness of the film. Using the thick film to estimate the intensity of the parasite infection, the examiner should, in theory, only count parasites in thick-film fields containing no more than 20 WBC/100ϫ oil immersion field. In reality, fields containing 20 WBC are often too thick to count whereas the fields that are easiest to read are those that con-tain only 5 or 6 WBC. It has been suggested that prior to staining, the microscopist should be able to read print through a well-prepared thick blood film. Transfer of parasites from positive slides to a negative one is a distinct possibility, and care should be taken when bulk staining thick blood film slides. The use of 50ϫ or 60ϫ oil immersion objectives may be insufficient to identify some smaller ring forms seen on the thick film, and 10ϫ eyepieces for the microscope are essential in these circumstances.
Warhurst and Williams (69) reported that examination of thin blood films is only 1/10 as sensitive as examination of thick blood films for the quantification of malarial parasites, although morphological identification of the Plasmodium species present is much easier using thin films. Therefore, most laboratories involved in the quantification and identification of malarial parasites by microscopy produce both thick and thin blood films. It is highly recommended that both thick and thin films be prepared and examined each time blood film examination for parasites is requested.
Examination of thin blood films. The parasitemia may be estimated by examination of a well-stained thin blood film. This is usually accomplished by noting the number of parasitized RBC (not individual parasites) seen in 10,000 RBC (equal to approximately 40 monolayer cell fields of a standard microscope using the 100ϫ oil immersion objective; however, microscopists are advised to calculate the average number of cells per microscope field of view for their own microscopes) and expressing the number of parasitized cells seen as a percentage. The approximate numbers of parasites present in 1 l of blood can be calculated by assuming that 1 l of blood contains 5 ϫ 10 6 RBC; therefore, a 1% parasitemia will contain 1 parasite/100 RBC or 50,000 parasites/l of blood. Similarly, a 0.1% parasitemia will contain 5,000 parasites/l of blood. This may be corrected to exact counts if the total RBC count per microliter is known.
This method of expression of the parasitemia as a percentage infection of RBC is the method of choice for routine practice in areas where infection is not endemic, where parasitemias are usually low. Counting parasites in a limited area of the thick film (10 fields) is acceptable when larger numbers of parasites are encountered in areas of endemic infection.
Microscopic examination of blood films is accepted as the current universal "gold standard" for the diagnosis of malaria; however, there is no accepted single standard method in current use by all investigators for the quantification of parasites. Hanscheid (19) discussed the problems that can arise when different methods for the diagnosis of malaria are compared and no consistent format is used for the estimation of parasitemia against which the comparison of sensitivity for detection of parasites can be made. Nevertheless, the blood film is still the only widely available result against which the newer methods for diagnosis of malaria can be compared, although a consistent method for enumeration of parasites from thick or thin blood films should also be used for comparability.
DIAGNOSIS USING FLUORESCENCE MICROSCOPY
In an attempt to enhance the detection of malaria parasites in blood films, alternative methods have been introduced. Certain fluorescent dyes have an affinity for the nucleic acid in the parasite nucleus and will attach to the nuclei. When excited by UV light at an appropriate wavelength, the nucleus will fluoresce strongly. Two fluorochromes have frequently been used for this purpose, acridine orange (AO) and benzothiocarboxypurine (BCP), which are both excited at 490 nm and exhibit apple green or yellow fluorescence. Rhodamine-123 is also useful for assessing the viable state of parasites, since its uptake relies on an intact, working parasitic membrane.
Several methods have been published in which AO is used either as a direct-staining technique or combined with a concentration method such as a thick blood film (10, 15) . The centrifugal quantitative buffy coat or QBC II (QBC) (Becton Dickinson, Franklin Lakes, N.J.) combines an AO-coated capillary tube and an internal float to separate layers of WBC and platelets using centrifugation. Parasites concentrate below this layer of cells, appearing in the upper layer of RBC but also sometimes appearing within the layers of platelets and WBC. Parasites can be viewed through the capillary tube using a special long-focal-length objective (paralens) with a fluorescence microscope ( Fig. 1) (1, 6, 9, 16) . The simpler Kawamoto technique employs an excitation filter mounted in the pathway of the transmitted light beam and allows the excitation wavelength of AO (470 to 490 nm) to pass to the stained film. A second filter (510 nm) is placed in the ocular for viewing the fluorescing parasites stained with AO. This method can make use of strong sunlight (if a shield to surround the observer's eyes is used) or a quartz halogen source as the exciting wavelength source (20, 21, 32, 33) .
Clinical trials using AO techniques (1, 4, 5, 6, 9, 15, 37, 39, 74) have been performed under laboratory and field conditions. The QBC fluorescence method is the more technically demanding and requires specialized equipment to separate the cell layers by centrifugation and a good fluorescence microscope with a high-intensity mercury vapor or quartz halogen lamp to provide the excitation wavelength.
Although AO is a very intense fluorescent stain, it is nonspecific and stains nucleic acids from all cell types. Consequently, the microscopist using AO must learn to distinguish fluorescence-stained parasites from other cells and cellular debris containing nucleic acids (10) . Particular care is needed when there are Howell-Jolly bodies in the field in blood from patients with hemolytic anemia. The sensitivity of AO staining for detection of malaria parasites in infections with parasite levels of Ͻ100 parasites/l (0.002% parasitemia) has been reported to range from 41 to 93% (73) . The specificity for infections with P. falciparum is excellent (Ͼ93%) (16) , with most observers recognizing the small ring forms. Ring forms or early trophozoites of other species may result in misdiagnosis, particularly in the early phase of the asexual cycle, when only ring forms may be present. For P. vivax and other non-P. falciparum infections, particularly during later stages of development, the specificity when using AO staining has been found to be lower (52%), particularly for the QBC centrifugal method, where the denser late-stage parasites may be hidden in the separated mononuclear cell layer.
An alternative fluorochrome procedure uses a solution of BCP (7, 8, 40) . BCP can be applied directly to a lysed blood suspension or to an unfixed but dry thick blood film and stains the nucleic acid of viable P. falciparum parasites intensely. In contrast, RBC inclusions and the nuclei of leukocytes are poorly stained (Fig. 2 ). This method overcomes some of the problems inherent in some fluorescence systems, such as the need for rapid examination to prevent fading or precipitation of the dye. Several reports on the use of this compound have found it to be a sensitive and rapid diagnostic method, comparable to Giemsa staining, with a reported sensitivity and specificity of Ͼ95% for P. falciparum. The non-P. falciparum parasites are more easily distinguished in the thick-film preparation than in the buffy coat of the QBC.
With experience, workers using methods involving fluorochrome compounds are able to detect parasites rapidly and accurately. However, an important limitation of methods involving both AO and BCP is their inability to easily differentiate among Plasmodium spp. With experience, the various stages of malaria seen in the peripheral blood may be located in defined areas of the centrifuged buffy coat (QBC), but specific identification of species remains difficult without seeing the RBC morphology and parasite inclusions. In spite of some reservations about the use of fluorescence methods for malaria detection (10) , including the requirements for special training and expensive equipment and supplies, fluorescence microscopy remains a viable and rapid alternative to Romanowsky staining. There will still be a problem in certain areas of the world where fluorescence microscopes or adequate training in their use is not available. In these areas, alternative nonmicroscopic tests for the diagnosis of malaria will be of potential benefit (41) .
DETECTION OF SPECIFIC NUCLEIC-ACID SEQUENCES
PCR cannot strictly be considered a rapid technique for the initial diagnosis of malaria. Its value lies in its sensitivity, with the ability to detect five parasites or less/l of blood (64) . Nested and multiplex PCR methods can give valuable information when difficult morphological problems arise during attempts to identify parasites to the species level. A number of PCR assays have been developed for the detection of malaria DNA from whole blood as either single or multiplex methods (2, 27, 34, 61, 62, 64, 70, 71) . These assays have been used for the initial diagnosis, following the response to treatment, and as sensitive standards against which other nonmolecular methods have been evaluated.
The small-subunit 18S rRNA and circumsporozoite (CS) genes have been used as targets for the differentiation of Plasmodium spp. Methods using nested PCR and reverse transcription-PCR enable all four species to be identified (2, 34, 54, 63, 64, 69, 70, 71) . The large-subunit RNA gene is extensively conserved among Plasmodium spp. and is also suitable as a genus-specific DNA target region (29) , with the amplified target sequence being detected by internal probes or analyzed by gel electrophoresis.
Other DNA targets, such as the CS gene, have been used for species-specific regions and have been coupled with specific fluorescein or radiolabeled probes for detection of P. vivax. Sethabutr et al. (62) , using two amplification systems, K1-14 (DNA) and CS, used PCR to monitor the response to therapy in 33 patients with P. falciparum infections. In 103 specimens and 20% (CS) of the cases, and on day 4 following treatment, only 3 and 0% were detected by PCR. The use of two independent PCR systems demonstrated that P. falciparum DNA was present transiently in the blood of infected patients at a time when parasites could no longer be detected microscopically. The major advantages of using a PCR-based technique are the ability to detect malaria parasites in patients with low levels of parasitemia and identify them to the species level. Infection with five parasites or less per l can be detected with 100% sensitivity and equal specificity (34, 64) . The additional sensitivity obtained using PCR may provide positive results from subpatent infections. Although many organisms may remain sequestered in the capillary beds, these parasites may be released into circulation but in insufficient numbers to be detected by peripheral-blood microscopy alone.
Several workers have investigated DNA persistence in blood following treatment. Kain et al. (30) investigated the disappearance of parasites of P. falciparum during treatment and found that the PCR remained positive for a median of 144 h compared to 66 h for microscopy. The authors also reported that if PCR yielded positive results for 5 to 8 days after treatment, therapeutic failure, possibly due to drug resistance, might be predicted. However, Srinavasan et al. (65) noted that PCR detected DNA from circulating nonviable parasites after successful therapy, which could lead to clinical confusion.
Variation in PCR results obtained in a number of different studies may reflect differences in techniques for collection and storage of the specimens, methods for DNA extraction and selection of primers, amplification conditions, and analysis of amplified product. Further advances in PCR technology may allow distinction of DNA from viable or nonviable parasites and thus facilitate the use of PCR-based procedures in the field (69) . PCR-based methods are particularly useful for studies on strain variation, mutations, and studies of parasite genes involved in drug resistance. The ability to detect all species of Plasmodium in nested or multiplex assays and the enhanced sensitivity make them ideal procedures for the diagnosis of malaria. Progress in rapid DNA extraction methods and in thermocycler development, possibly using the newly developed light cyclers, may enable the amplification of malaria parasite DNA to be performed within a time frame that is clinically relevant for acute diagnosis in both field and laboratory settings. This is not the current situation, and microscopy remains the mainstay for diagnosis for the majority of clinical diagnostic centers.
NONMICROSCOPIC RAPID DIAGNOSTIC TESTS
A recent congress of the WHO produced a document entitled New Perspectives in Malaria Diagnosis (WHO/MAL/2000.1091) (74) . Certain recommendations were presented on what nonmicroscopic rapid diagnostic tests (RDT) should provide. The document concluded that results from these test devices should be at least as accurate as results derived from microscopy performed by an average technician under routine field conditions. Other criteria included the sensitivity, which should be above 95% compared to microscopy, and the detection of parasitemia, such that levels of 100 parasites/l (0.002% par- asitemia) should be detected reliably with a sensitivity of 100%. Quantitative or semiquantitative information on parasite densities in circulating blood was considered essential. Other essential criteria suggested were the ability to distinguish viable parasites from parasite products such as antigens or nucleic acids not associated with viable organisms and also to indicate the prediction of treatment outcomes or resistance to common antimalarial drugs.
These objectives are demanding for scientists and manufacturers alike, and the extent to which they have been or can be achieved, along with economic considerations, will provide the scientists involved in the development of these RDT for malaria with a number of exciting challenges.
Although alternative methods to stained blood films for the diagnosis of malaria have been around for a considerable time (65) , the early methods based on detection of fluorescing malaria parasites or using fluorescein-labeled antibodies to P. falciparum were limited by the need for complex apparatus, a lack of sensitivity, and an inability to distinguish active from prior infections. The new immunochromatographic antigen capture tests are capable of detecting Ͼ100 parasites/l (0.002% parasitemia) and of giving rapid results (15 to 20 min). They are commercially available in kit from with all the necessary reagents, and the ease of performance of the procedures does not require extensive training or equipment to perform or to interpret the results (53, 63) .
IMMUNOCHROMATOGRAPHIC TESTS Principle
Immunochromatography relies on the migration of liquid across the surface of a nitrocellulose membrane. Immunochromatographic tests are based on the capture of parasite antigen from peripheral blood using monoclonal antibodies prepared against a malaria antigen target and conjugated to either a liposome containing selenium dye or gold particles in a mobile phase. A second or third capture monoclonal antibody applied to a strip of nitrocellulose acts as the immobile phase. The migration of the antigen-antibody complex in the mobile phase along the strip enables the labeled antigen to be captured by the monoclonal antibody of the immobile phase, thus producing a visible colored line. Incorporation of a labeled goat antimouse antibody capture ensures that the system is controlled for migration (56) . Migration depends on several physical characteristics of the component reagents, primarily the porosity of the membrane controlling the flow rate and the components of the buffer solution used to transport the labeled antigen-antibody complex in the lysed blood sample (Fig. 3) .
Malaria Antigens Suitable as Targets for Rapid Diagnostic Tests
Malaria antigens currently targeted by RDT are HRP-2, pLDH, and Plasmodium aldolase.
HRP. Rock et al. (59) described how P. falciparum-infected RBC (IRBC) synthesize three histidine-rich proteins, HRP-1 (the knob-associated HRP), HRP-2, and HRP-3. HRP-1 (M r 80,000 to 115,000) was identified in all knob-positive P. falciparum parasites but small amounts only were present in Gambian isolates and in several culture-adapted strains. HRP-2 (M r 60,000 to 105,000) was identified in all P. falciparum parasites regardless of the knob phenotype and was recovered from culture supernatants as a secreted water-soluble protein.
HRP-2 was shown to be a surface-exposed protein complex of several close bands. HRP-3 (M r 40,000 to 55,000) was present at the lowest abundance compared to HRP-1 and HRP-2. Neither HRP-1 nor HRP-2 was found in a range of other knob-positive and -negative strains of non-P. falciparum malaria.
HRP-2 is a water-soluble protein produced by asexual stages and young gametocytes of P. falciparum (59) . It is expressed on the RBC membrane surface, and because of its abundance in P. falciparum, it was the first antigen to be used to develop an RDT for its detection.
pLDH and aldolase. pLDH, an enzyme found in the glycolytic pathway of the malaria parasite, is produced by sexual and asexual stages of the parasite (44) . Different isomers of pLDH for each of the four Plasmodium spp. infecting humans exist, and their detection constitutes a second approach to RDT development. Several other enzymes of the malaria parasite glycolytic pathway, notably aldolase (45), have been suggested as target antigens for RDT for species other than P. falciparum.
IMMUNOCHROMATOGRAPHIC DIPSTICK ASSAYS USED FOR DIAGNOSIS
RDT dipstick format kits for the detection of malaria antigens are now commercially available. Many field and laboratory studies have been completed that compare immunochromatographic methods with results obtained by conventional microscopy, fluorescence microscopy, and PCR (5a, 9, 14a, 16, 21, 22, 23, 23a, 54, 65, 71a, 72 ParaSight F. Laboratory trials of the ParaSight F immunochromatographic test for HRP-2 for the detection of P. falciparum in blood samples have shown an overall average sensitivity of 77 to 98% when Ͼ100 parasites/l are present (0.002% parasitemia), with a specificity of 83 to 98% for P. falciparum compared with thick blood film microscopy (3, 5a, 11, 35, 36, 57, 64) . The lower sensitivity range obtained from different studies probably reflects the inability of the observer to detect parasites at densities as low as 200 parasites/l by microscopy (many laboratories examine only 10 fields of a thick film as a routine) or the failure to read faint positive lines from the test strip. The low level or absence of HRP-2 secretion by sexual forms may explain the negative results in some cases (5a).
Studies by Humar et al. (22) and Pieroni et al. (54) investigated the sensitivity and specificity of the ParaSight F antigen capture test for P. falciparum compared with PCR. They demonstrated a sensitivity and specificity for the ParaSight F test of 88 and 97%, respectively. The reduced sensitivity was indicative of the greater ability of PCR to detect low levels of parasitemia.
ICT Pf and PATH Falciparum Malaria IC. Experience with the AMRAD ICT Pf and PATH Falciparum Malaria test strip is similar to that found with the ParaSight F test (16). Mills et al. (47) compared results of tests of blood from 148 overseas travelers by using the PATH Falciparum Malaria IC Strip impregnated with Immunoglobulin M (IgM) monoclonal anti HRP-2, with results obtained using microscopy and PCR. They obtained a sensitivity and specificity of 96 and 99% with HRP-2 detection for P. falciparum, with discrepant results having Ͻ100 parasites/l (0.002% parasitemia).
Wongsrichanalai et al. (73) assessed the ICT Pf test for detection of asexual P. falciparum parasitemia in 551 subjects in three groups in Thailand: (i) symptomatic patients selfreferring for diagnosis, (ii) villagers in a screening survey, and (iii) patients recently treated for P. falciparum malaria. Expert light microscopy was the reference standard. They found that the ICT test performance was similar for diagnostic and screening modes. Four findings emerged: (i) test sensitivity correlated directly with parasite density, (ii) test band intensity correlated directly with parasite density, (iii) persistent test positivity after parasite clearance precluded its use for monitoring early therapeutic responses, and (iv) a false-negative test at 18,000 parasites/l was unexplained. They concluded that a strong positive ICT test was highly predictive of P. falciparum asexual parasitemia for the diagnosis of new cases of P. falciparum malaria in Thailand but that a negative test result was inadequate to exclude parasitemia of Ͻ300 parasites/l (0.006% parasitemia) and, in some instances, an even higher parasitemia.
Self-diagnosis.
Kits for self-diagnosis by travelers in remote areas have been advocated. Symptomatic patients aged 16 to 60 years who presented at the Hospital for Tropical Diseases, London, United Kingdom, between September 1997 and July 1999 requesting malaria testing were invited to take part in a study of malaria self-diagnosis; a total of 153 patients were enrolled in the study. ICT Pf malaria cards were used. Whitty et al. reported that the patients' test kit results were compared with microscopy (thick and thin blood films) (71a). Of the patients, 115 (75%) indicated that the instructions were easy to follow and 128 (84%) said the tests were easy to read. Of the 16 failures resulting in invalid tests, 4 patients were unable to use the lancet, 3 obtained insufficient blood, 4 could not read the card, 1 forgot to add the reagent, and the others gave various reasons for failure. Compared with microscopy, the specificity and sensitivity for self-testing were 97 and 95%, respectively. Although these results are encouraging, technical problems and test sensitivity need to be addressed by additional field testing. Currently, this technology will not serve as a substitute for seeking proper medical help as rapidly as possible if malaria is suspected (71a).
The application of the ICT Pf and Pf/Pv card format (Fig. 4 ) has generally been found more user friendly than are tests that require several steps or use a well containing the conjugated antibody in which the strip is placed. More recently, the use of a cassette format has provided a more satisfactory device for safety and manipulation.
Limitations. Although HRP-2-based immunochromatographic tests permit rapid diagnosis of P. falciparum malaria, their clinical usefulness for the diagnosis of other Plasmodium spp. and for monitoring of the therapeutic response is limited. Since HPR-2 is expressed only by P. falciparum, these tests will give negative results with samples containing only P. vivax, P. ovale, or P. malariae; many cases of non-falciparum malaria may therefore be misdiagnosed as malaria negative. The increase in the number of geographical areas where P. falciparum is the dominant or only species present, particularly with its life-threatening potential, is of great importance and makes the development of tests for this parasite most important. However, awareness of the economic importance of other species to countries where they are endemic and other implications such as imported malaria to areas where the infection is not endemic are important issues that require inclusion of these parasites within the diagnostic workup.
Persistence of HRP-2
HRP-2 has been shown to persist and is detectable after the clinical symptoms of malaria have disappeared and the parasites have apparently been cleared from the host (38, 46) . Humar et al. (22) detected circulating HRP-2 antigen in 68% of treated patients on day 7, and in 27% it was still present on day 28. The reason for the persistence of the HRP-2 antigen is not well understood and may reflect the presence of latent, viable parasites (possibly the result of treatment failure or circulating antigen-antibody complexes) (68) . The action of antimalarial therapy on the parasite may influence the persistence of HRP-2. Schiff et al. (60) noted that 10% of patients treated with Fansidar had detectable HRP-2 antigen on day 14. Karbwang et al. (31) also detected persistent HRP-2 antigen during and after artemether therapy, acknowledging that the HRP-2 signal was of no value during the first week of treatment but appeared to be a precise indicator of treatment failure under field conditions, when it was detected on day 14 posttreatment.
Low-level parasitemias seen in areas of endemic infection because of constant exposure to the malarial parasites may result in positive results with doubtful clinical significance (67) . Also, there is evidence that certain individuals may actually have a gene deletion for the production of HRP-2 and so will never give a positive result with these tests.
Other limitations of tests for this antigen relate specifically to technical aspects of the HRP-2 test system. Several reports that the monoclonal IgG antibody used in the ParaSight F cross-reacts with serum rheumatoid factor, causing false-positive results, have been made (25, 38) . The Amrad ICT Pf and PATH Falciparum Malaria tests use a monoclonal IgM antibody, and reports of false-positive reactions occurring with rheumatoid factor are less frequent (26) .
Assays for Detection of pLDH
pLDH is a soluble glycolytic enzyme expressed at high levels in asexual stages of malaria parasites. It has been found in all four human malaria species (55, 56) . pLDH activity is correlated with the level of parasitemia found in in vitro cultures of malaria and in the plasma of infected patients as determined by microscopy (42, 43, 49, 56) .
Specific measurement of pLDH from Plasmodium spp. in the presence of human host LDH can be measured by using the substrate 3-acetylpyridine adenine dinucleotide (APAD), an analogue of NAD, in an immunocapture assay (IC assay) (55) . Although the Michaelis-Menten constants are similar, the turnover number of the pLDH in the presence of APAD is much greater than that of the human enzyme with the same cofactor (19) . This characteristic is due in part to conformational changes that occur in the enzyme, which is involved in the rate-limiting step for the oxidation-reduction (13, 18) . Piper et al. (55) initially compared the use of two diagnostic assays based on the specific detection of pLDH activity. The ICpLDH assay detected the enzyme in the blood in a wet assay using APAD as substrate. The authors emphasized the importance of findings showing that pLDH activity was detected from viable sexual and asexual parasites of P. falciparum and P. vivax infections.
OptiMAL. A panel of monoclonal antibodies that can bind to active pLDH was developed from P. falciparum-infected erythrocytes. Three of these monoclonal antibodies are used in an RDT immunochromatographic dipstick test (OptiMAL; Flow Inc., Portland, Oreg.). Two of the monoclonal antibodies are panspecific, recognizing all four species of malaria; a third monoclonal antibody is specific only for P. falciparum LDH. One panspecific antibody (6C9), conjugated to gold particles as the indicator, is used to capture all the malaria pLDH antigen present from a blood sample. The other two monoclonal antibodies act as separate immobilized capture sites on an immunochromatographic dipstick. One of the monoclonal antibodies (17E4) is specific for the capture of P. falciparum pLDH, and the other (19G7) is a panspecific pLDH antibody The malaria antigen/labeled-antibody complex will be captured by either or both of the immobilized capture lines (P. falciparum spp.) or by the panspecific line only (non-P. falciparum spp.). The gold-conjugated antigen-antibody complex builds as a purple line at the capture stripe. The presence of a goat anti-mouse monoclonal antibody capture control line indicates a successful test. In the presence of mixed infections of P. falciparum and a nonfalciparum species, the results would indicate P. falciparum (Fig. 5) . The monoclonal antibodies used in the OptiMAL test have been exhaustively tested for cross-reactivity with LDH from other blood protozoa such as Leishmania, Babesia, and pathogenic bacteria or fungi; no evidence of such cross-reactivity has been found (42) Clinical trials using OptiMAL have been undertaken in many centers (14a, 23, 23a, 24, 27, 41, 49, 50, 51, 52, 56, 58) . Of note, in several studies the decline in pLDH activity has also been shown to parallel the decline of viable parasites during therapy (42, 49, 50, 56) . Therefore, this assay may be used to monitor patient progress during therapy and serves as an indication of recrudescence and possible drug-resistant infections, assuming that pLDH levels persist in these conditions.
Palmer et al. (51) examined the ability of OptiMAL to detect P. vivax and P. falciparum during an outbreak of malaria in Honduras. Results obtained with the OptiMAL tests were compared to those obtained with Giemsa-stained thick blood films from the same sample. Whole-blood samples were obtained from 202 patients suspected of having malaria; 96 (48%)
VOL. 15, 2002 RAPID DIAGNOSTIC TESTS FOR MALARIA PARASITESof the samples were positive by microscopic examination, and 91 (45%) were positive with the OptiMAL test. Of the films positive by microscopy, 82% were found to contain P. vivax parasites and 18% contained P. falciparum. OptiMAL detected P. vivax and P. falciparum in 81 and 19% of positive cases, respectively. The overall sensitivity obtained with the Opti-MAL test for P. falciparum and P. vivax in this series was 94 and 88%, respectively, with a specificity of 100 and 99%, respectively. Samples found positive by microscopy but negative by OptiMAL (3%) had Ͻ100 parasites/l of blood (0.002% parasitemia).
In another field study of symptomatic hospital patients and asymptomatic volunteers that was conducted by Quitana et al. (58) for hospitalized patients, P. falciparum and P. vivax parasites were detected by thick-film microscopy and PCR with a mean parasite density of 590/mm 3 . When OptiMAL dipstick results for the same samples were compared to the results obtained by microscopy and PCR, OptiMAL had a sensitivity of 100% and a specificity of 95% for samples containing P. falciparum. Although the sensitivity and specificity of the dipstick in this study were similar to those of thick-film microscopy for P. vivax, when compared with PCR the dipstick test was unable to correctly identify mixed infections owing to the common capture obtained with the panspecific antibody band.
Further studies in India by John et al. (28) and in The Gambia by Hunt-Cooke et al. (23) with P. falciparum and P. vivax-positive samples from a cohort of malaria-exposed semiimmune individuals confirmed the sensitivity and specificity found by other workers for OptiMAL. Iqbal et al. (24) looked at pLDH detection compared to microscopy and PCR in 550 immigrants from malaria-endemic areas who were entering Kuwait, where malaria is not endemic. They concluded that for parasite levels of Ͼ100 parasites/l (0.002% parasitemia), the sensitivity obtained for OptiMAL was 97%. However, because half of the samples with Ͻ50 parasites/l (0.001% parasitemia) detected by microscopy were not detected, the authors recommended that the test should be used with great caution and should not replace conventional microscopy in the diagnosis of malaria. In another study by Iqbal et al., the performance of the pLDH assay was comparable to that of microscopy to detect P. falciparum infection at a parasitemia of Ͼ100/l. The pLDH assay offers an advantage over the ICT Pf assay for HRP-2 since samples infected with P. vivax are easily distinguished from those infected with P. falciparum; mixed infections with both P. falciparum and P. vivax can also be detected (23a). However, blood film examination remains the standard method for diagnosing malaria since it detects all Plasmodium spp. and allows visualization of parasite growth stages, which is essential for making therapeutic decisions.
Jelinek et al. (27) , in a multicenter trial of 231 patients examined for malaria by using dipsticks for HRP-2 and pLDH, found that 53 patients gave positive results for P. falciparum infections. Based on the specificity and sensitivity obtained, they concluded that dipsticks have the potential of enhancing the specific accuracy of the diagnosis of P. falciparum malaria if nonspecialized laboratories are involved. Moody et al. (49) , investigating the possibility of replacing microscopic examination of routine blood films for malaria parasites with OptiMAL in a study with a cohort of patients with worldwide travel history, obtained a much lower sensitivity for non-P. falciparum malaria other than P. vivax (Table 1) .
In a study of the OptiMAL assay for detection and identification of malaria infections in asymptomatic residents in Indonesia, Fryauff et al (14a) found an 88 to 92% sensitivity for detecting infections of 500 to 1,000 parasites/l, a range covering the mean parasitemia of primary symptomatic P. falciparum infections in malaria-naive Indonesian transmigrants. However, the system was markedly less sensitive than was expert microscopy for discriminating between malaria species.
Several workers have noted that during therapy the clearance of parasites from blood films and decreased pLDH levels parallel each other (49, 50, 65) . Moody et al. (49) monitored this event in 60 patients undergoing treatment for P. falciparum at the Hospital for Tropical Diseases, London, United Kingdom and noted that the samples positive by OptiMAL paralleled the daily decline in parasitemia as seen by microscopy (Table 2) . Srinivasan et al. (65) monitored the course of 17 patients with P. falciparum who were undergoing treatment with quinine, an antimalarial drug that attacks the membrane of the parasite, using rhodamine-123 (R123) a dye previously used to show parasite viability in in vitro cultures (26, 66) . R123 is a cationic permeant dye which selectively accumulates inside the malaria parasite due to its high membrane potential (inside negative), which is maintained by an electrogenic H ϩ -ATPase pump located in the membrane. Thus, R123 is a vital dye that stains only viable parasites. They were able to demonstrate the continued presence of circulating but nonviable parasites and concluded that these parasites may contribute to prolonged microscopic parasitemias beyond apparent clinical cure. This advocates the possible use of tests measuring pLDH as valuable tools in monitoring antimalarial therapy (14a, 49, 50, 56) particularly in areas where microscopic examination may not be readily available.
OTHER CANDIDATE ENZYMES WITH THE POTENTIAL FOR USE AS INDICATORS OF INFECTION Aldolase
Other enzymes within the glycolytic pathway of the malaria parasite have been recognized and considered as targets for rapid malaria diagnostic tests. The energy metabolism of the blood stages of the human malaria lacks a functional citric acid cycle, and generation of ATP depends fully on the glycolytic cycle. Aldolase is a key enzyme in this pathway. In an experiment to examine stage-specific expression of aldolase isoenzymes in the rodent malaria parasite Plasmodium berghei, Meier et al. (45) cloned two genes encoding the glycolytic enzyme aldolase (aldo-1 and aldo-2). aldo-1 was found to be virtually identical to P. falciparum aldolase, whereas aldo-2 had a 13% sequence diversity. Specific antibody probes were able to detect aldo-1 in the sporozoite stage and aldo-2 in asexual stages of malaria parasites found in the blood.
Monoclonal antibodies produced against Plasmodium aldolase are panspecific in their reaction and have been used in a combination test with HRP-2 to detect P. vivax as well as P. falciparum in blood. Tjitra et al. (67) evaluated the combined Pf/Pv immunochromatographic test (ICT Pf/Pv) formatted with capture stripes for both HRP-2 and aldolase. They reported that the specificity and negative predictive values for the diagnosis of P. vivax were 94.8 and 98.2%, respectively. The overall sensitivity of 75% and positive predictive value of 50% for P. vivax malaria were less than desirable in their situation. The sensitivity obtained for Ͼ500 parasites/l (0.01% parasitemia) was 96%, but for values below this level it was only 29%.
In a study of 13 patients with malaria in Brisbane, Australia, using the ICT Pf/Pv test, Eisen and Saul (14) also noted a low sensitivity for the detection of P. vivax when the parasite count was below 500 parasites/l (0.01% parasitemia). They demonstrated the decline in panspecific line intensity with P. falciparum or P. vivax infection during treatment, unlike the HRP-2 line, which remained positive for considerable periods after microscopy became negative. The authors suggest the possibility of using the panspecific line for monitoring response to therapy. However, little evidence was presented for the sensitivity of the panspecific antibody of the ICT Pf/Pv for P. falciparum infections, since this series showed detection of Ͼ100 parasites (0.002% parasitemia) in three samples but not in five others with higher parasite counts.
DISCUSSION
The recommended method and current gold standard used for the routine laboratory diagnosis of malaria is the microscopic examination of stained thin and thick blood films, particularly with the additional sensitivity offered by examination of thick blood films. In the most capable hands, this method can be expected to detect 50 parasites/l (0.001% parasitemia) and to identify to the species level 98% of all parasites seen. This procedure is recognized as difficult and time-consuming, requiring considerable training to obtain the necessary skills. In the past few years, efforts to replace the traditional but tedious reading of blood films have led to techniques for the detection of malarial parasites that yield sensitivities equivalent to or better than those of microscopy. Methods using fluorescence microscopy have helped improve the sensitivity but not the specificity. PCR has proven to be a sensitive method for diagnosis of all four species of human malaria parasites and can be expected to exceed the sensitivity of microscopic examination. The detection of Ͻ5 parasites/l and identification to the species level make this an excellent technique against which to compare the sensitivity and specificity of other nonmicroscopic methods. However, PCR is an impractical standard against which to measure routine acute malaria diagnosis because of the time involved and the technical experience required. The detection of DNA from samples taken at times well removed from the infection (28) may give confusing evidence about recrudescence or drug resistance.
Immunochromatographic dipsticks offer the possibility of more rapid, nonmicroscopic methods for malaria diagnosis, thereby saving on training and time. These tests are easy to perform and require little training to interpret the results. However, there are a number of issues to which the WHO document New Perspectives for Malaria Diagnosis draws attention when considering the current status of development of the RDT for malaria. These are discussed below.
Sensitivity for RDT remains a problem, particularly for nonimmune populations. Parasite densities above 100 parasites/l (0.002% parasitemia) should be detected with confidence (the average parasitemia seen in patients attending the Hospital for Tropical Diseases is between 5,000 parasites/l [0.1% parasitemia] and 50 parasites/l [0.001% parasitemia]). While this sensitivity is a reasonable target to expect from dipsticks for P. falciparum diagnosis, it is at the lower end of the capability of most devices involving capture methods for HRP-2 or pLDH. Available test devices for non-P. falciparum malaria (ICT Pf/Pv and OptiMAL), have a sensitivity for the diagnosis of P. vivax of 90 to 96% (OptiMAL) and 75 to 95% (ICT Pf/Pv). Levels of parasitemia encountered for this parasite rarely exceed 1%, and a much lower figure is usually encountered.
Reports on the detection of P. ovale and P. malariae antigen (49) indicate that the panspecific monoclonal antibodies developed from P. falciparum in OptiMAL have a lower affinity for these antigens, with the added problem that fewer parasites are encountered than for P. vivax. The possibility is that several The clinical and epidemiological significance of dipsticks recognizing gametocytes of Plasmodium is important. In areas of nontransmission of malaria, the fact that a test will not detect all gametocytes is of less importance than in areas of high transmission. HRP-2 from sexual stages of P. falciparum is more readily detected than pLDH, which appears to be active in young forms but not so readily in later ones.
A negative RDT cannot at present be accepted at face value and will need to be confirmed by microscopic examination. The possibility of gene deletion isolates that do not express HRP-2 has been postulated, although the same evidence for pLDH has not yet been discovered. Further investigation for these and other nonexpressed antigens should be considered.
Several workers report the usefulness of RDT as a means of monitoring the course of a parasitemia during therapy (49, 50) . Srinivasan et al. (65) investigated the significance of parasites that remain in peripheral blood after several days of therapy, as detected by microscopy. When R123, a cationic dye requiring an intact membrane found in viable parasites, is used, the dye crosses the membrane and stains the parasite. This study concluded that the microscopically observed parasites remaining at the latter end of a course of therapy are nonviable parasites, lacking pLDH enzyme activity but not yet cleared from the blood. This may influence the interpretation of various performances of different RDT methods against microscopy as the gold standard when sequential samples are taken during treatment. The persistence of HRP-2 antigenemia beyond the clearance of peripheral parasitemia in certain cases reduces the usefulness of these assays for monitoring the response to therapy.
Although several workers report quantitative or semiquantitative data from currently formatted RDT, at present it is not possible to obtain readings by eye that are linear for the parasitemia without some form of reader for the captured goldconjugated antibody. Quantitative measurement will enable prognostic assessment and will provide information indicating drug resistance. RDT currently on the market are easy to use; most are in cassette format with single-application areas for the blood sample and clearing buffer. Most evaluation trials have included temperature and time stability for at least 1 year at 40°C. At present, none of the commercial formats have Food and Drug Administration (FDA)-approved production in the United States, since the most urgent need during their development was for use in countries with limited resources. However, particularly with versions detecting non-P. falciparum malaria (ICT Pf/Pv and OptiMAL), the U.S. military has conducted FDA approval trials because of possible use of these devices in the field. Final production arrangements in the United States may be possible in the future. Commercial interest in producing dipsticks at a cost that many of the poorer countries could afford is a subject of ongoing debate, and even with differential pricing for various countries, the lower cost required will be difficult to achieve. The manufacturing of RDT is currently under review by the larger companies (AMRAD ICT and Becton Dickinson), and possible commercial changes can be expected in the near future.
The new generation of RDT offers a realistic practical chance to move the diagnosis of malaria away from the laboratory and nearer to the patient. A sensitivity of Ͼ100 parasites/l (0.002% parasitemia) obtainable for P. falciparum diagnosis for both HRP-2 and enzyme-based assays is as good as most clinical laboratory staff in nonspecialized laboratories could expect to attain microscopically with limited exposure to malaria cases (47) . The added assurance that life-threatening parasitemia with P. falciparum will not be missed is welcome, particularly for inexperienced laboratory staff during night calls. The ability to detect the majority of the non-falciparum malaria cases also makes these tests ideally suited as major backup procedures for malaria diagnosis.
There are many considerations to be taken into account when reviewing the methods for laboratory diagnosis of malaria (Table 3) , not the least of which are the important factors of availability and cost. The present debate on the introduction of tests based on new technology is welcomed. However, it does not avoid the necessity of reviewing correctly stained thick and thin blood films as the standard operating procedure when malaria is suspected or of replacing a current training program for the identification of the Plasmodium species and 
